As part of investigations into the cause of a waterborne outbreak of Cryptosporidium hominis infection linked to a mains water supply, surface waters and wastewater treatment plants were tested for Cryptosporidium spp. Oocyst counts in base flow surface water samples ranged from nil to 29 per 10 l. Oocyst counts in effluent from a community wastewater treatment plant were up to 63 fold higher and breakout from one septic tank five logs higher. There were no peak (storm) flow events during the investigation. C. hominis, four named genotypes (cervine, muskrat II, rat, W19) and six new small subunit ribosomal RNA gene sequences were identified. Four of the new sequences were closely related to Cryptosporidium muskrat genotype I, one was closely related to the fox genotype and one to Cryptosporidium canis. C. hominis was found extensively in the catchment, but only at sites contaminated by wastewater, and in the treated water supply to the affected area. All were gp60 subtype IbA10G2, the outbreak subtype.
INTRODUCTION
Waterborne outbreaks of the diarrhoeal disease cryptosporidiosis caused by the protozoan parasite Cryptosporidium have been linked to both human (wastewater) and animal (agricultural and wildlife) sources of contamination (Meindhart et al. 1996; Glaberman et al. 2002; Smith et al. 2006; Karanis et al. 2007; Chalmers et al. 2009a) .
The taxonomy of Cryptosporidium is under continual review but of the numerous species and genotypes (isolates of uncertain taxonomic status) identified, Cryptosporidium parvum and Cryptosporidium hominis predominate in human cases of cryptosporidiosis, and their epidemiology is monitored in an on-going typing scheme in the UK (Chalmers & Pollock 2008; Chalmers et al. 2009b) . The natural host range of C. hominis is mainly limited to humans with only rare, mainly single, reports of infection in animals (Xiao et al. 1999a; Morgan et al. 2000; Zhou et al. 2004; Ryan et al. 2005; Smith et al. 2005; Giles et al. 2009 ). Analytical epidemiologic studies confirm a human transmission cycle (Hunter et al. 2004) . In contrast, C. parvum has a broad mammalian host range, particularly ruminants and humans, and there appear to be independent human and animal as well as zoonotic transmission cycles (Mallon et al. 2003;  more rarely (Chalmers et al. 2009b) . Many exhibit some degree of host specificity, providing some indication of potential source when detected in water (Feng et al. 2007) . Notable exceptions appear to include the cervine genotype which has been found in a variety of hosts (Santin & Fayer 2007) .
Application of PCR-based methods for the characterisation of oocysts in water samples has been undertaken either from microscope slides as part of routine raw water testing (Ruecker et al. 2005; Ruecker et al. 2007 ) and treated water monitoring or from raw water concentrates Jellison et al. 2002; Jiang et al. 2005a ). This has enabled the identification of the species and genotypes present and provides additional information about possible sources of contamination and the risk to public health. However, when source and storm waters were sampled, only some of the isolates detected matched named Cryptosporidium species or genotypes, while others were also found in animals in the catchment thus generating a common name for the genotype (Feng et al. 2007) . Isolates found only in water by Feng and colleagues in watersheds in New York, USA, have been given temporary sequential genotype numbers prefixed by the letter W (water) until a host is identified (Feng et al. 2007 ).
Typing of clinical isolates during waterborne outbreak investigations has provided valuable information about potential sources of contamination (Glaberman et al. 2002; Smith et al. 2006 ) and confirmation of the presence of the infecting isolate in drinking water strengthens the evidence for linkage to water (Tillett et al. 1998; Glaberman et al. 2002) . However, investigation of waterborne outbreaks in the past has not routinely involved timely characterisation of Cryptosporidium oocysts detected in water samples. Here, we describe extensive hydrological catchment investigations undertaken during the investigation of an outbreak of C. hominis (Mason et al. 2010) to establish whether the same isolate was present in the treated water, identify possible sources of contamination, whether this was ongoing, and indicate possible interventions.
STUDY CATCHMENT AND MAINS WATER SUPPLY
Initial descriptive epidemiology of the outbreak indicated that the mains drinking water supply was the possible cause of the outbreak. The source water is from a reservoir (Llyn Cwellyn) in the north west of Wales, UK, within the Snowdonia National Park. Llyn Cwellyn (grid reference of centre OS 256000 355000) is approximately 2 km long, 0.75 km wide and 37 m at its deepest point, and orientated north west-south east at approximately 142 metres above sea level. The lake is in an area of high annual rainfall (. 1,500 mm) with various inputs to the lake (streams and ditches). It is fed at the south eastern end by the River Gwyrfai, and the river flows out of the lake over a dam at the north western end. The regional south west to north east wind direction is funnelled by the mountainous topography along the lake's main axis from inlet to outlet, creating wind driven surface streaming. The raw water abstraction point for the water treatment works is at the outflow dam.
Although no data have been presented, lakes of similar characteristics in the UK have been shown to be stratified with a distinct thermocline developing during the summer period and a likely turnover in the autumn (Kay & McDonald 1980; De Cesare et al. 2006; George et al. 2007; Baldwin et al. 2008; Elci 2008; Wilhelm & Adrian 2008; Caliskan & Elci 2009 The mains drinking water supply was treated by pressure filtration (aimed primarily at reduction of naturally occurring manganese) and disinfection by chlorination, and is more fully described in the accompanying paper by Mason et al. (2010) . 
METHODS

Cryptosporidium sampling, detection and enumeration
Cryptosporidium genotyping
Cryptosporidium-positive microscopy slides generated as described above, and from routine monitoring and tap samples as described by Mason et al. (2010) , were sent overnight to the UK Cryptosporidium Reference Unit in Swansea for typing. Coverslips were removed from slides, and DNA extracted from the recovered material as described by Chalmers et al. (2009a) and validated by Robinson (2005) . Briefly, acetone was used to loosen the coverslip which was carefully removed from the slide using a scalpel blade. 50 ml Buffer AL (Qiagen Ltd) was applied, the material scraped from the slide using a plastic pipette tip, and transferred to a 1.5 ml sample tube. The slide was rotated through 908 and the scraping process repeated three more times. Oocysts were disrupted by three freeze thaw cycles (cardice 2 methanol/1008C) and DNA extracted and purified using the QIAamp w DNA Mini Kit (Qiagen Ltd) according to the manufacturer's instructions. The final elution volume was 50 ml, and extracted DNA was stored at 2 208C prior to use. the PCR to a published sequence were assigned to that species or genotype (Xiao et al. 2006b ). To determine the relationship between the SSU rRNA gene sequences found in this study with reference sequences from GenBank across the genus, distances were calculated using the Kimura two-parameter model and a phylogenetic tree was produced using neighbour-joining analyses ( Jiang et al. 2005a ). Branch bootstrap values were determined from 1000 re-samples. A SSU rRNA gene sequence from Eimeria tenella was used to root the tree.
Exceptionally (see Table 1 ), PCR-RFLP and bi-directional sequencing the Cryptosporidium oocyst wall protein (COWP) gene provided identification in the absence of SSU rRNA gene PCR products. Briefly, a 550 bp region of the COWP gene was amplified using primers cry-15 and cry-9 according to Spano et al. (1997) . Due to the limited volume of DNA available, a single aliquot was amplified and digested with Rsa I. Gel electrophoresis and sequencing using cry-15 and cry-9 was undertaken as described above.
To identify subtype families and their subtypes, C. hominis isolates were further investigated by DNA sequence analysis of the gp60 gene using internal and external primers as described by Alves et al. (2003) producing final fragments of 800 to 850 bp. Bi-directional sequencing of PCR products using forward and reverse primers AL3532 and AL3534 was undertaken as described above. After identifying subtype families, subtypes were identified by counting the number of trinucleotide repeats (TCA, TCG or TCT) coding for the amino acid serine in the microsatellite region (Cama et al. 2007) .
Sequence data for representative isolates from this study were deposited in GenBank, accession numbers GQ183505 to GQ183528.
RESULTS
Cryptosporidium oocyst detection
Cryptosporidium oocysts were present at multiple sites with hydrological links to the reservoir within the catchment.
Oocyst numbers are shown in Table 1 . Base-flow sampling of the wastewater treatment plant and four surface waters at twice weekly intervals demonstrated that counts were highest in wastewater treatment plant effluent (range 30 to 1824 oocysts per 10 l), and lowest in the reservoir outlet at the dam (range 0 to 2.9 oocysts per 10 l). The highest oocysts counts in surface water were from the river down which is near the off-take for the water treatment works, were less frequent.
Oocyst counts in effluent from a community wastewater treatment plant ranged from 30 to 1824 per 10 l and were up to 63 fold higher than those in base flow surface water samples, indicating a major source of contamination.
Although three other septic tanks, package plants or sewers contained oocysts (400, 3000 and 3 £ 10 4 oocysts per 10 l respectively) the other significant source of environmental contamination with a hydrological link to the reservoir was breakout from one septic tank where oocyst counts of up to 5.6 £ 10 6 oocysts per 10 l, five logs higher than those in base flow surface water samples, were detected.
Cryptosporidium species
The phylogenetic and genetic relationships at the partial SSU rRNA gene of Cryptosporidium species and genotypes found in this study compared with reference isolates are shown in Figure 1 , and nucleotide differences in Tables 2 and 3. C. hominis was confirmed only in tap water (Llanwnda distribution sample) and at sites under the influence of human wastewater but these were multiple (Table 1) Muskrat genotype II was detected in a stream below property 5, and differed from the reference isolate (GenBank accession number AY545548) by 3 nucleotide (nt) substitutions ( Table 2) . The cervine genotype and many new sequences (see below) were detected in a culvert to a stream below property 13. The cervine genotype and the rat genotype were detected in that stream. Also detected in the culvert was W19 which differed from the reference isolate (AY737585) at 3 nt positions (2 substitutions and a deletion) ( Table 2) .
Six different SSU rRNA gene sequences, present in 6 samples from 5 sites, had only 97% to 98% sequence similarity to any previously published species or genotype.
We regard these sequences to be new, and designate UK environmental (UK E) sequences 1 to 6. UK E1, UK E2, UK E3 and UK E5 all clustered in the phylogenetic tree (Figure 1) close to muskrat genotype I (W7) but with reasonable bootstrap support for them to form a separate clade. There is strong support for branching within the clade, although the branches are small since the sequences were 99.54% to 99.85% similar to each other. UK E1, UK E2 and UK E3
were found in the river water whereas UK E5 was found in the culvert to the stream below property 13. UK E4 was most similar to but distinct from the fox genotype, and was found in a stream beside property 7; UK E6 was most similar to but distinct from Cryptosporidium canis and was Ddu, although this site may have also been subject to environmental or wildlife contamination.
Variation within C. hominis
Of the 95 replicates from the 27 environmental samples in which C. hominis was found in this study (Table 1) , fulllength consensus SSU rRNA gene sequences were constructed for 65. Variable numbers of thymine (T) bases were observed in the hypervariable polyT region, ranging from 8T to 13T (except 9T). This variation is mainly attributable to the presence of heterogeneous copies of the SSU rRNA gene (Xiao et al. 1999b) . Otherwise, C. hominis sequences from the human outbreak cases, the final water and 62/65 (95%) of the environmental sample replicates were homologous, and are here referred to as C. hominis (A) ( Tables 1   and 3 ). However, three replicates from two isolates at two different sample sites had sequences which contained unique single nucleotide polymorphisms (SNPs) and are referred to as C. hominis (B), (C) and (D) (Tables 1 and 3 ).
Although these variants were found at sites downstream of the wastewater treatment plant, only C. hominis (A) was detected in the influent and effluent. The source of the other isolates is not known.
Of the 27 environmental samples containing C. hominis, 9 amplified with the gp60 primers, 15 failed to amplify and 3 were insufficient to test. All amplified samples were IbA10G2, which is the same subtype as the outbreak case isolates (Mason et al. 2010) . Those that did not amplify were the C. hominis (B), (C) and (D) and some of the (A)
isolates. The significance of this is not known, as the numbers of (B), (C) and (D) isolates were small and the oocyst numbers low. Effluent, even after standard treatment, frequently contains
DISCUSSION
Cryptosporidium oocysts (Smith et al. 1991; Bukhari et al. 1997) , and here there were no effective barriers to prevent oocysts reaching the mains water supply. Few studies of comparable wastewater treatment systems have been undertaken in rural areas, and it is difficult to compare (Bowman 2007) . Despite being in a rural area, only C. hominis was detected in both influent and effluent from the wastewater treatment plant, and in a failing septic tank, suggesting the entry of little animal derived material and that there were people shedding C. hominis in the locality. Again, few previous studies have genotyped isolates from effluent but animal-derived isolates appear to have been detected more commonly than human, although this will depend on the inputs into the plant (Bowman 2007) .
One septic tank in this study was found to contain the cervine genotype, which has been found in numerous animal hosts and very rarely in humans.
Oocyst counts in surface waters were up to 29 per 10 l;
counts in studies using similar methods worldwide have been reported up to 176.7 oocysts per 10 l (Carmena et al. 2007) , although counts in North American watersheds summarised by Clancy & Hargy (2007) were up to 11.7 oocysts per 10 l. Since our catchment was sampled as the suspected source in an outbreak, it is not surprising that our surface water counts were 2.5 fold higher than this. Of more importance than the absolute counts (which will be affected The SSU rRNA is a five copy gene in Cryptosporidium and sequence heterogeneity at the polyT region of C. hominis isolates found in this study is mainly attributable to the presence of heterogeneous copies (Xiao et al. 1999b) . America ( Jiang et al. 2005a; Ruecker et al. 2007; Jellison et al. 2009 ) and elsewhere in the UK .
Although the cervine genotype has been found in small numbers of patients (Ong et al. 2002) , including in the UK (Chalmers et al. 2009b) , the significance for public health of its presence in source waters is not known. The sequence heterogeneity observed in the cervine genotypes in this study somewhat reflects the variation previously reported in this genotype (Santin & Fayer 2007; ). However, the biological significance of this variation is thought to be limited (Santin & Fayer 2007) .
The rat genotype was found in a sample from a stream, the environs likely being infested with brown rats (Rattus norvegicus). This genotype has also been detected in raw wastewater in China (Feng et al. 2009 ). By contrast, the detection of muskrat genotype II is probably indicative of contamination from related wildlife members of the Family Mustelidae, such as badgers, martens and otters, which are indigenous to the British Isles whereas muskrats are not and neither have they been recorded in the wild. Muskrat genotype II has also been found in surface or drinking waters in Canada (Ruecker et al. 2007 ) and Scotland . These results show that assumptions cannot be made about the source of named genotypes in water samples, and that host specificity or adaptation is not strictly at the host species level, but indicative of host Family or even a wildlife rather than farmed animal source.
No host has yet been reported for the W19 genotype, and it is not possible to ascertain the origin of the isolate found in this study. Neither is it possible to identify the source hosts of the isolates in the phylogenetic sequence clade comprising UK E1, 2, 3 and 5. The source of UK E4, which is most closely related to the fox genotype, and UK E6 which is related to C. canis, may be wild foxes (Vulpes vulpes) or domestic dogs in the catchment. However, further work needs to be done to establish the phylogenetic relationship of these isolates and their host sources in the UK.
Action to control one source of C. hominis contamination was taken on 5th December when Gwynedd County
Council served a statutory notice on the owner/occupier of one of the properties with a private septic tank. This required remedial works to be carried out to the defective private sewage treatment system. Actions taken by DCWW to reduce the contamination from the wastewater treatment plant included removal of sewage solids from the humus tank and, with the agreement of the OCT, the issuing of a temporary boil water notice and installation of UV treatment at the water treatment works (see Mason et al. 2010) .
However, it is harder to envisage controls over some wildlife sources of Cryptosporidium, although pest control and maintenance of sewerage systems are important.
CONCLUSIONS
Identification of Cryptosporidium species/genotype in water and environmental samples, including raw and final waters, improves information provided from oocyst numbers alone by indicating potential sources and infectivity for humans.
